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Cajal-Retzius Cells Regulate the Radial Glia
Phenotype in the Adult and Developing
Cerebellum and Alter Granule Cell Migration
Eduardo Soriano,*² Rosa M. Alvarado-Mallart,* Moreover, evidence that a radial glia phenotype sup-
ports neuronal migration in the adult brain, after neu-Nicole Dumesnil,* JoseÂ A. Del RõÂo,²
and Constantino Sotelo* ronal grafting or in adult songbirds, has emphasized the
relevance of radial glia for migration (Alvarez-Buylla and*U106 INSERM
47 Boulevard de l'HoÃ pital Nottebohm, 1988; Sotelo and Alvarado-Mallart, 1988;
Sotelo et al., 1994). In addition, neurons migrating tan-75651 Paris
Cedex 13 gentially may glide along other substrates, such as axon
fascicles (Bourrat and Sotelo, 1988; O'Rourke et al.,France
²Department of Animal and Plant Cell Biology 1992, 1995; Reid et al., 1995).
Radial glia are among the first cells to differentiate.Faculty of Biology University of Barcelona
Diagonal 645 They arecharacterized by typical bipolar shapes and the
expression of specific markers, including nestin, brain-Barcelona 08028
Spain lipid-binding protein, and the antigens recognized by
the RC1 and RC2 Mabs and the D4 antisera (Hockfield
and McKay, 1985; Misson et al., 1988, 1991; Edwards
et al., 1990; Gadisseux et al., 1992; Cameron and Rakic,Summary
1994; Feng et al., 1994; Feng and Heintz, 1995). Although
radial glia has a crucial role in development, the mecha-Studies on the reeler mutation have shown that pio-
nisms regulating its identity and function are not known.neer Cajal-Retzius (CR) cells are involved in neuronal
Recent studies showing that mature astrocytes aremigration in the developing cortex. Here, we use graft-
transformed into a juvenile radial glia phenotype in re-ing and coculture experiments to investigate the
sponse to diffusible factors from embryonic neuronsmechanisms by which CR cells govern migration. We
(Sotelo et al., 1994; Hunter and Hatten, 1995a) suggestshow that transplantation of embryonic CR cells, but
that radial glial cell specification and differentiation arenot other cortical neurons, into adult cerebella induces
controlled by soluble signals, similar to what has beena transient rejuvenation of host Bergmann glia into a
shown for the lineage and differentiation of oligodendro-radial glia phenotype. Similarly, CR cells sustain the
cytes and Schwann cells (e.g., Raff et al., 1988; Gard etphenotype of developing radial glia in postnatal cere-
al., 1995).bellar slices and induce the organization of aglial scaf-
The histogenesis of the cerebral cortex follows anfold inside the CR cell explants. Studies with semiper-
ªinside-outº sequence of neuronal positioning and mat-meable inserts show that these effects are mediated
uration, in which migrating neurons bypass earlier neu-by diffusible signals. We also show that CR cells adja-
rons and settle just below the marginal zone layer I, thuscent to the surface of cerebellar slices reverse the
forming the typical layered organization of the cortexdirection of the migration of granule cells. Finally, CR
(Angevine and Sidman, 1961; Rakic, 1990; Bayer andcells from reeler mutant embryos elicited similar ef-
Altman, 1991). Together with subplate neurons (Allen-fects. These observations imply a role for CR cells in
doerfer and Shatz, 1994), the Cajal-Retzius (CR) cellsthe regulation of the radial glia phenotype, a key step
are the earliest-generated cortical neurons and the firstfor neuronal migration, and suggest that these pioneer
to mature. These transient neurons lie in a characteristic,neurons may also exert a chemoattractive influence
subpial location in layer I, and most of them disappearon migrating neurons.
by cell death at postnatal ages (MarõÂn-Padilla, 1971,
1984, 1988; Edmunds and Parnavelas, 1982; Derer andIntroduction
Derer, 1990, 1992; Del RõÂo et al., 1995). Because of their
strategic location in layer I, where all migrating neuronsNeuronal migration, in which postmitotic neurons mi-
migrate, and the coincidence of their life span with thegrate from the proliferative zones to the final destination
period of cortical migration, it has been proposed thatareas, is an essential step in neural development. In
CR cells may have a role in migration (MarõÂn-Padilla,particular, directional migration and precise spatiotem-
1988; Del RõÂo et al., 1995). Recent findings in the reelerporal order of positioning are crucial to the normal cy-
mutant mouse, a genetic abnormality with altered migra-toarchitectonic organization and pattern of synaptic
tion in many brain regions including the neocortex andconnections of laminated brain regions such as the cere-
cerebellum (Caviness and Sidman, 1973; Mariani et al.,bellum and the cerebral cortex (reviewed by Hatten,
1977; Caviness, 1982), show that the defective geneÐ1993; Rakic et al., 1994). Neuronal migration occurs
reelinÐis expressed by CR cells (Goffinet, 1995; D'Ar-mainly through specialized glial cells, the radial glia,
cangelo et al., 1995; Hirotsune et al., 1995). Furthermore,which provide the adhesive substrate for the transloca-
inhibition of Reelin with neutralizing antibodies disruptstion of migrating cells and a spatially organized scaffold
the histotypic organization of reaggregation culturesthat defines ordered migratory paths (RamoÂ n y Cajal,
(Ogawa et al., 1995).1955; Rakic, 1971, 1972; Edmondson and Hatten, 1987;
The mechanisms by which CR cells are involved inHatten, 1990). After migration, radial glial cellsare mainly
migration are not known. CR cells might act either ontransformed to mature astrocytes and in the cerebellum
to Bergmann fibers (Schmechel and Rakic, 1979; Ed- the functional differentiation of radial glia or on the at-
traction of migrating cells. These processes could bewards et al., 1990; Misson, 1991; Misson et al., 1991).
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Figure 1. Schematic Drawing and Composi-
tion of Donor Tissues for the Grafting Experi-
ments
(A) Diagram of the transplantation proce-
dures. In some experiments (top), pieces of
tissue from E15 embryos containing all the
layers of the cerebral cortex were grafted into
adult host cerebella. In other experiments
(bottom), pieces from E15 neocortex were
tangentially cut in a vibratome, and the slices
containing the marginal zone layer I (MZ) were
used for transplantation. VZ, ventricular zone.
(B) Frontal section from the neocortex of an
E15 embryo immunoreacted with calretinin
antibodies illustrating the cell composition
and layering of the cortex at the age at which
the vibratome slices were taken. Calretinin1
CR cells (arrows) are densely packed in the
marginal zone layer I (MZ). Immunoreactive
neurons are very scarce in the remaining cor-
tical layers, including the cortical plate (CP),
intermediate zone (IZ), and ventricular zone
(VZ). In the subventricular zone (SVZ), many
immunoreactive, small cells can be seen
(open arrows).
(C) Tangential view of layer I at P2 in a thick
neocortical slice immunoreacted for calreti-
nin, illustrating CR cells with typical pearl-
shaped to ovoid perikarya and a single thick
dendrite.
(D and E) Transverse cryostat sections (20
mm thick) of tangential vibratome slices
through the marginal zone obtained as shown
in (A), illustrating the cellular composition of
the vibratome slices used for transplantation
and culture experiments. The section in (D)
was immunoreacted for calretinin and shows
numerous CR cells (arrows). The section in
(E) was stained with cresyl violet and shows
that the vibratome slice contains, in addition
to cell components of the marginal zone (MZ),
some clusters of neurons from the upper cor-
tical plate (open arrows) but not neurons from
the deep cortical plate, the subplate, the in-
termediate zone, or the ventricular zone.
Scale bars 5 100 mm, (B) and (C); and 50 mm,
(D) and (E).
mediated via soluble factors or by direct cell±cell con- markers in Bergmann astrocytes (Sotelo et al., 1994). To
determine whether embryonic cells from the neocortextact since the end feet of radial glia terminate in layer I.
Here, we grafted embryonic CR cells into adult cerebella could also elicit such rejuvenation of Bergmann glia,
blocks of E15±E16 neocortex were transplanted into theand found that CR cells, butnot other embryonic cortical
cells, induced a transformation of adult Bergmann glia cerebella of adult mice (n 5 4; Figures 1A and 2). Seven
to ten days after grafting (DAG), the transplants wereinto a radial glia phenotype. Moreover, coculture experi-
ments with semipermeable inserts provided evidence large and located between the cerebellar folia (Figure
2A). Sections immunostained with the RC2 monoclonalthat radial glia-inductive signals released by CR cells
are soluble. Last, we show that CR cells dramatically antibody, which recognizes an epitope present in devel-
oping radial glia but not in mature astrocytes or Berg-altered the migration pattern of cerebellar granule cells
by shifting the direction of granule cell migration. These mann glia (Edwards et al., 1990; Misson, 1991; Hunter
and Hatten, 1995a), revealed palisades of RC21 cellsdata indicate that CR cells play a major role in neuronal
cell migration by regulating the identity of radial glia and in the host tissue surrounding the graft (Figures 2A and
2C). RC21 palisades had a patchy distribution in thethe movement of migrating neurons.
molecular layer of the host cerebella, occurring only in
glial cells that displayed the distinctive morphology ofResults
Bergmann glia (Figure 2C). Parallel sections immuno-
stained with antibodies against calretinin, a CR cellInduction of a Radial Glia Phenotype in the Adult
Cerebellum by Embryonic Cortical Neurons marker (Figures 1B and 1C; Soriano et al., 1994; Del RõÂo
et al., 1995), disclosed clusters of large labeled neuronsEmbryonic Purkinje cells grafted into the adult cerebel-
lum induce the reexpression of radial glia antigenic with elongated cell bodies and a thick, primary dendrite
Cajal-Retzius Cells and Neuronal Migration
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Figure 2. RC2 Induction in Adult Cerebella 7 Days after Transplantation of E15 Neocortex
(A) Sagittal cerebellar section immunolabeled with the RC2 antibody shows the allocation of the graft (asterisks) within several cerebellar folia
and the patchy induction (arrows) of RC2 immunoreactivity in the Bergmann glia of the host cerebellum. ML, molecular layer; PL, Purkinje
cell layer; and GL, granule cell layer.
(B) Photomicrograph from a graft immunostained with calretinin antibodies illustrating numerous CR cells inside the cortical graft grouped
around a blood vessel (bv). Note the intense calretinin staining of the host parallel fibers in the molecular layer (ML).
(C) RC2 immunostaining of host glial cells exhibit the typical morphology of Bergmann glia (arrows). RC21 cell bodies are located at the
granule cell layer±molecular layer (GL±ML) interface (arrows) and have several varicose processes (arrows) that ascend perpendicularly in the
molecular layer.
(D) Camera-lucida reconstruction illustrates the extent of RC2 immunostaining in sagittal sections of an adult host cerebellum after grafting
pieces of E15 neocortex (asterisks). Note the relationship between the distribution of CR cells identified by calretinin immunocytochemistry
(dots) and RC21 Bergmann fibers. Mediolateral sections spaced 250±350 mm. Scale bars 5 100 mm, (A); 50 mm, (B) and (C); and 500 mm, (D).
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(Figure 2B). These features are distinctive of murine CR RC2 immunostaining was prominent inside the trans-
plants, labeling clusters of small, roundcells, which werecells (Figure 1C), indicating that these neurons survive
grafting. Serial section reconstructions showed that most probably undifferentiated radial glia (Figure 3C). In
contrast, bipolar differentiated radial glia were extremelyRC2 reexpression was correlated with the clusters of
calretinin1 CR cells (Figure 2D). These results indicate rare inside the grafts, and we did not observe induction
of RC2 immunostaining in cerebellar Bergmann glia inthat embryonic neurons from neocortex induce a rejuve-
nation of adult Bergmann glia and suggest that the fac- any of the animals transplanted (n 5 7) at any of the
survival times tested (4±17 DAG). We thus conclude thattors regulating the radial glia phenotype are common
to different brain areas. CR cells but not cortical precursors or migrating neu-
rons, radial glia, or other populations of postmitotic cor-
tical neurons can elicit the transformation of adult Berg-
CR Cells Are Responsible for the Induction mann glia to a RC21 radial glia phenotype.
of a Radial Glia Phenotype
in the Adult Cerebellum
The developing E15±E16 neocortex contains distinct cell RC2 Reexpression Occurs Transiently
populations such as glial cells, progenitors, migrating in Host Bergmann Glia
neurons, and subsets of postmitotic neurons, including Following transplantation of either the complete cortex
CR cells (Figure 1B). To establish whether CR cells were or CR cell±enriched slices, most RC21 glial cells had
responsible for the reexpression of radial glia antigenic their cell bodies at the level of the Purkinje cell layer.
markers, we developed a procedure to enrich CR cells They exhibited vertical branches with leaf-like excres-
by separating layer I from the remaining cortex (Figure cences and terminated in end feet near the pial surface
1A). Taking advantage of the superficial location of CR (Figures 2C and 3B), as adult Bergmann fibers (Altman,
cells in the marginal zone layer I (Figure 1B), we obtained 1982). Only very exceptionally were other glial cells
tangential vibratome sections (60±80 mm thick) of flat- RC21. These glial cells were always present in the mo-
tened cortices, which contained almost exclusively tis- lecular layer and had bipolar shapes (Figure 3E). To
sue from layer I. These vibratome sections were rich in exclude the possibility that RC21 glial cells had differen-
CR cells, as identified with calretinin immunostaining tiated from grafted glial cells, we transplanted CR cell±
(Figures 1D and 1E). Exceptionally, a few immature neu- enriched slices into the cerebellum of adult mice (n 5
rons from the uppermost cortical plate were also 4) of the Krox20±lacZ14 transgenic line. This line was
attached, but cells from the remaining cortical layers, generated using a hybrid Krox20±lacZ gene construct,
i.e. the cortical plate, subplate, and the intermediate, but it shows a very specific and ectopic expression of
ventricular, and subventricular zones, were lacking (Fig- bgal indeveloping and mature Bergmann glia (Figure 4A;
ure 1E). see Sotelo et al., 1994). Double immunolabeling showed
Transplantation of the CR cell±enriched slices into that virtually all RC21 processes were also bgal-immu-
adult cerebella resulted in smaller grafts at 3±10 DAG noreactive (Figures 4B and 4C), demonstrating that RC2
(Figure 3) compared to those described above, as ex- reexpression occurred in adult Bergmann glia from the
pected from implants containing postmitotic CR cells, host cerebella.
but neither progenitors normigrating neurons. Following After transplantation of CR cell±enriched slices, RC2
calretinin immunostaining, CR cells were seen inside immunostaining was very weak at 4 DAG (n 5 5), maxi-
the grafts, although the dense immunolabeling of the mal after 6±12 DAG (n 5 29), and decreased at 15 DAG
host cerebellum hindered their identification. We thus (n 5 4). No RC21 staining was detected at 20 DAG (n 5
transplanted CR cell±enriched slices from transgenic 5). At short (4 DAG) and long (15 DAG) survival times,
mouse embryos carrying the promoter region of the the cerebellar areas exhibiting RC2 reexpression were
Neuronal Specific Enolase (NSE) gene linked to the lacZ smaller than at 6±12 DAG, and the immunolabeling was
reporter gene, which allowed us to identify grafted CR mainly confined to the cell bodies and primary branches
cells by Xgal-histochemistry. Again, most grafted CR of Bergmann glia (not shown), in contrast to the com-
cells were located on the surface of the cerebellum (Fig- plete staining observed at 6±12 DAG (Figure 3B). Thus,
ure 3D) and some along the pipette track. Grafting of grafting of CR cells led to a transient rejuvenation of
CR cell±enriched slices gave rise to a strong induction host Bergmann glia in adult cerebellum. The timing of
of RC2 immunoreactivity in large palisades of Bergmann RC2 reexpression might correlate with the fate of grafted
glia (Figure 3A) facing clusters of grafted Xgal1 CR cells CR cells since from 12 DAG on, these neurons were
(Figures 3D and 3F). The cerebellar areas showing induc- progressively less conspicuous, suggesting that they
tion of the RC2 epitope were larger and denser (Figure disappeared by cell death as in the cerebral cortex (Del
3F) than those seen when all of the layers of the devel- RõÂo et al., 1995).
oping cortex were grafted (Figures 2A and 2D).
To investigate whether cortical cells other than CR
cells might induce RC2 reexpression, we transplanted CR Cells Promote the Organization of a Glial
Scaffold in Organotypic Cerebellar Culturesvibratome slices containing only the ventricular and sub-
ventricular zones (enriched in neuronaland glialprogeni- To determine whether CR cells may also affect devel-
oping glial cells, CR cell±enriched slices were culturedtors and in radial glia) and slices containing all cortical
layers except layer I, thus containing postmitotic neu- directly in contact with the surface of organotypic cul-
tures from P6±P8 cerebella (Figure 5A), a stage at whichrons from the subplate and cortical plate, progenitors,
and migrating cells. After grafting both preparations, cerebellar radial glia had ceased to express the RC2
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epitope (Edwards et al., 1990; Misson, 1991). Immuno- the Purkinje cell and molecular layers, where Bergmann
glial cells are located, but were distributed throughoutstaining of CR cell±enriched slices with calretinin anti-
bodies after 7±14 days in vitro (DIV) showed that CR all cerebellar layers. Some RC21 cells exhibited round
perikarya, varicose processes and shapes close tocells displayed healthy shapes (Figure 6H), indicating
that these neurons survived under the present culture those of developing Bergmann glia (Figure 5D). How-
ever, most RC21 glial cells had elongated bipolarconditions. After 7±14 DIV, RC21 glial cells were de-
tected only in the area of the cerebellar slices proximal shapes with two thick processes arising from opposite
sides of the cell body (Figure 5C), which is similar toto the CR cell explants. Most RC21 cells bore thin pro-
cesses in the molecular layer and exhibited the distinc- the morphology of immature radial glia (Rakic, 1971;
Edwards et al., 1990; Misson, 1991). Occasionally, thetive morpholgy of immature Bergmann glia, indicating
that CR cells could also sustain the phenotype of imma- long processes of these cells formed bundles.
In contrast, cerebellar explants cocultured with otherture radial glia in the cerebellum. In addition, in all cocul-
tures, we observed numerous, extremely long RC21 cortical tissue containing the proliferative layers or post-
mitotic neurons from deep cortical layers, as well asprocesses (.500 mm) and RC21 glial cells that pene-
trated deeply into the CR cell±enriched explants (Table control slices cultured with semipermeable membranes
alone, did not show RC2 immunostaining (Table 1).1), suggesting that the latter may induce ingrowth of
radial glial processes and cells. RC2 immunoreactivity These findings indicate that CR cells induce a radial glia
phenotype via diffusible factors. Moreover, the obtainedwas absent from single cerebellar cultures and from
cerebellar slices cocultured with explants containing the dramatic induction of radial glia suggests that the de-
gree of induction depends on the availability of suchventricular zone, the subplate, or the cortical subplate.
Some of such cortical explants (6 of 15) displayed RC21 diffusible signals.
glial cells, indicating that cortical glial cells may retain
their radial glia phenotype under these in vitro conditions
CR Cells Perturb the Migration of Cerebellar(Table 1).
Granule Cells in CultureTo examine whether CR cells might exert a morphoge-
In the early postnatal cerebellum, progenitors for gran-netic influence on cerebellar glia, we obtained cerebellar
ule cells and for molecular layer interneurons divide,slices from the Krox20±lacZ14 line and cocultured them
and the daughter cells migrate to their respective finalwith CR cell±enriched explants. Cortical explants con-
destinations (Miale and Sidman, 1961; Gao et al., 1992;taining the ventricular zone or layers other than layer I
Zhang and Goldman, 1996). To determine whether CRwere used as controls in a triple confrontation assay
cells can influence the pattern of migration of these late(Figure 5A). After 7±14 DIV, cultureswere stained for bgal
dividing neurons, cerebellar slices (P5±P8) taken fromactivity to reveal the distribution of cerebellar Bergmann
the b2nZ391 transgenic mouse line were cocultured inglia. In the CR cell±enriched explants, there was a mas-
contact with CR cell±enriched explants. The b2nZ391sive ingrowth of bgal1 Bergmann glia (Figure 6A; Table
transgenic line, generated using a b2-microglobulin/1). Their protoplasmic processes formed a dense, com-
lacZ construct (Cohen-Tannoudji et al., 1992; Sorianoplex scaffold, penetrating 400±600 mm into the explant,
et al., 1995), was used because it shows ectopic expres-with most of the processes oriented radially, i.e., perpen-
sion of bgal in postmitotic granule cells and in moleculardicular to the granule cell layer (Figure 6B). These radial
layer interneurons but not in Purkinje cells or glial cellsglial cell processes were in close relationship with clus-
(Jankovski et al., 1996). After 7±14 DIV, the coculturesters of CR cells in the neocortical slice (Figure 6C). In
were stained with Xgal and immunolabeled with antibod-contrast, most cerebellar slices cocultured with control
ies to either calretinin to identify CR cells, calbindincortical explants exhibited a complete absence of glial
28kDa to label Purkinje cells, or parvalbumin, which incell ingrowth (Figure 6A), although in some cultures, a
addition to Purkinje cells also labels the molecular layerfew Xgal1 glial processes penetrated 100±200 mm into
interneurons (Celio, 1990; Jankovski et al., 1996). Whilethe control explants (Table 1). These findings indicate
the cytoarchitecture was well preserved in the cerebellarthat CR cells exert a growth-promoting, morphogenetic
slices, there was a marked alteration in the distributioninfluence on cerebellar radial glia.
of granule cells (Figure 6D; Table 2). In the areas of direct
contact between the two explants, a large number of
neurons expressing bgal activity provided with smallInduction of RC2 Expression by CR Cells Is
Mediated by Diffusible Factors nuclei (granule cells) penetrated up to 800±1000 mm into
the neocortical explants (Figure 6E). In addition, slicesTo determine whether the induction of radial glia by CR
cells could be mediated by soluble signals, postnatal immunoreacted for bgal and parvalbumin showed that
some larger neurons, which had migrated into the CRcerebellar slices were overlaid by CR cell±enriched ex-
plants (or other neocortical tissue), separated by a semi- cell explants (11%; N 5 551 cells, 4 cultures), were
double labeled, thus corresponding to basket and stel-permeable membrane (Figure 5A). Following 7±10 DIV,
cerebellar slices overlaid with CR cell explants exhibited late cells (not shown). Granule cells, although spread
throughout the CR cell explants, were mostly concen-a dramatic induction of RC2 immunostaining with a high
density of RC21 cells (Table 1; Figures 5B±5D). The trated in a narrow band 400±500 mm from the cerebellar
surface, mimicking an internal granule cell layer in theinduction of RC2 immunostaining was stronger than in
the culture experiments described above or after CR neocortical tissue (Figure 6E). In other slices, the cere-
bellar neurons within the CR cell explants were arrangedcell grafting into adult cerebella (compare with Figures
2 and 3). Moreover, RC21 cells were not restricted to in clusters, which followed the distribution of CR cells,
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Figure 3. Induction of RC2 Immunostaining in Adult Cerebella 7±10 Days after Transplantation of CR Cell-Enriched Slices. Abbreviations as
in Figure 2
(A) Photomicrograph illustrating large palisades of intense RC2-immunoreactive Bergmann glia (arrows) at 7 DAG.
(B) High magnification view of the palisade labeled by open arrow in (A). Note the dense RC2 immunolabeling of Bergmann glial cells and
processes (arrows) spanning the molecular layer (ML).
(C) RC2 immunostaining after transplantation of a control vibratome slice containing the ventricular and subventricular zones (enriched in
radial glia and cortical progenitors) from E15 embryos (7 DAG). Some clusters of RC21 cells (arrows) occur inside the cortical graft (asterisks).
However, no RC2 immunostaining is observed in the host cerebellum (to the left).
(D) Section from a cerebellum grafted with a CR cell±enriched slice taken from an NSE±lacZ transgenic embryo (7 DAG). The section has
Cajal-Retzius Cells and Neuronal Migration
569
as visualized with calretinin immunostaining (Figures 6G
and 6I).
The area of the cerebellar slices that was in contact
with control cortical tissue showed normal cytoarchitec-
tonics. In contrast to the alterations reported above,very
few bgal1 granule cells were seen within the cortical
explant, where they penetrated only 100±200 mm (Figure
6F; Table 2). These results show that CR cells dramati-
cally alter the normal pattern of granule cell migration,
by shifting the direction of migration followed by postmi-
totic granule cells.
CR Cells of reeler Mutant Embryos Elicit Similar
Effects in Radial Glia and Granule Cell Migration
To determine whether Reelin, an extracellular matrix
protein (D'Arcangelo et al., 1997), was involved in the
induction of radial glia, cerebellar slices were cocultured
between semipermeable membranes (Figure 5A) with
CR cells from reeler embryos. Such cerebellar cultures
exhibited an induction of bipolar RC21 radial glial cells,
as strong as that elicited by CR cells from heterozygous
or wild-type embryos(Figure 5E; Table 1). These findings
suggest that Reelin is not essential for the induction of
radial glia by CR cells. Similarly, when b2nZ391 cerebel-
lar slices were cocultured with reeler CR cells, substan-
tial numbers of cerebellar granule cells had penetrated
the reeler neocortical tissue for long distances (five of
seven). However, additional studies and quantitative ex-
perimental paradigms are needed to ascertain whether
there are significant differences in the numbers of ec-
topic granule cells and in the depth of their reverse
migration.
Discussion
Here, we used antibody marker expression, heterotopic
grafting, and coculture experiments to gain insight into
the cellular interactions that regulate the radial glia cell
identity. We provide evidence that CR cells, but notFigure 4. Induction of RC2 Immunostaining in Host Bergmann Glia
other cortical cells, induce the transformation of Berg-after Transplantation of CR Cell±Enriched Slices in Krox20±lacZ14
Transgenic Mice (7 DAG). Abbreviations as in Figure 2 mann glia into a radial glia phenotype in the adult and
(A) Fluorescence microphotograph shows the distribution of bgal- postnatal cerebellum, and that this transformation is
immunoreactive elements in the adult cerebellum of a Krox20± likely to be mediated by diffusible factors released by
lacZ14 transgenic mouse. bgal immunolabeling occurs exclusively CR cells. Moreover, we found that CR cells have a pro-
in Bergmann glial cells and fibers (arrows).
nounced effect on the normal migration pattern of cere-(B and C) Pair of fluorescence photomicrographs of a section double
bellar granule cells.immunolabeled with RC2 (C) and bgal (B) antibodies, after trans-
plantation of a CR cell±enriched slice (7 DAG) in an adult Krox20±
lacZ14 cerebellum. Glial fibers exhibiting RC2 immunostaining The Radial Glia±Astrocyte Pathway Is Bidirectional
(arrows in [C]) are also bgal immunoreactive (arrows in [B]), demon- and Regulated by Soluble Signals Common
strating that RC2 induction occurs in host Bergmann glia. Scale to Different Brain Regions
bars 5 100 mm, (A); 50 mm, (B) and (C).
Neuronal cell migration requires the cooperative interac-
tion of adhesion and recognition molecules expressed
by migrating neurons, radial glial cells, and postmigra-
tory maturing neurons. Thus, several specific molecules,
been developed with Xgal and then immunoreacted with RC2 antibodies. Xgal-positive CR cells (open arrows) appear located at the cerebellar
fissure, just above the sites of Bergmann glia RC2 reexpression (arrows).
(E) RC2-immunoreacted section shows RC21 cells (arrows) in the molecular layer (ML), with bipolar morphology distinct to that of Bergmann
fibers. Such bipolar RC2-immunoreactive cells were observed only occasionally.
(F) Camera lucida reconstruction illustrates the extent of RC2 reexpression in representative sagittal sections (spaced 250±350 mm) from an
adult cerebellum grafted with a CR cell±enriched slice from an NSE±lacZ embryo. Note the correlation between the distribution of CR cells
(dots), identified after Xgal staining, and clusters of RC21 Bergmann glia.
Scale bars 5 100 mm, (A) and (C); 50 mm, (B) and (E); 25 mm, (D); and 500 mm, (F).
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Figure 5. Induction of RC2 Immunolabeling in Postnatal Cerebellar Slices Cocultured with CR cells. Abbreviations as in Figure 2
(A) Schematic representation of the different coculture approaches used. Cerebellar postnatal slices were cocultured with CR cell±enriched
explants (MZ) and ventricular zone±enriched explants (VZ) positioned at opposite sites at the surface of the cerebellar slices (contact
confrontation assay) or above a semipermeable membrane, which was held onto the cerebellar (CB) slice (diffusible test assay).
(B±E) These micrographs illustrate results obtained with the diffusible test assayusing CR cell±enriched slices ([B±D], wild type; [E], homozygous
reeler).
(B) Dramatic induction of RC2 immunostaining in many cerebellar glial cells throughout the cerebellar slice. Most RC21 glial cells are bipolar
and appear to be randomly oriented.
(C and D) High power photomicrographs illustrate examples of RC21 cells in cerebellar slices. While some RC21 cells (D) located in the
Purkinje cell layer exhibit a radial orientation and varicose processes (arrows) that may correspond to that of immature Bergmann glia, other
cells show very immature bipolar shapes (arrows in [C]) with two thick processes arising from opposite sides of the cell bodies.
(E) Induction of RC2 immunostaining in a cerebellar slice cocultured with a CR cell±enriched slide from a reeler mouse embryo. Note numerous
RC21 glial cells displaying bipolar shapes (arrows) and some fasciculation of the processes. Scale bars 5 100 mm, (B) and (E); and 25 mm,
(C) and (D).
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including PSA-NCAM, astrotactin, Reelin (Fishell and throughout the period of corticogenesis (E11±E17 in the
Hatton, 1991; Cremer et al., 1994; Ono et al., 1994; Goffi- mouse; FaireÂ n et al., 1986), after the radial glia develops,
net, 1995; D'Arcangelo et al., 1995, 1997; Hirotsune et and so few such neurons are in layer I at E15. In contrast,
al., 1995; Ogawa et al., 1995; Hu et al., 1996; Zheng et the role of CR cells in migration is supported by: (i) the
al., 1996), and the proteins recognized by the D4 and constant correlation between the survival and location
NJPA1 antibodies (Anton et al., 1996), have a critical of CR cells and effects on radial glia and migration (here);
role in neuronal migration. A key step for neuronal migra- (ii) their early generation at the beginning of corticogen-
tion is the specification and differentiation of radial glia. esis and their life span coincident with the period of
Two recent studies have shown that the transformation cortical migration (Derer and Derer, 1990; Del RõÂo et al.,
of radial glia into mature astrocytes, which occurs at 1995); (iii) the time course analysis showing that radial
the end of the migration period (Schmechel and Rakic, glia±inducing signals are strong at E14, decrease by
1979; Misson et al., 1988, 1991; Edwards et al., 1990), E19, and are absent from P6 onward (Hunter and Hatten,
is a bidirectional process mediated by soluble signals. 1995a), correlating with the progressive dilution of CR
Grafted embryonic Purkinje cells induce a rejuvenation cells in the developing cortex and their disappearance
of adult host Bergmann glia, which supports the migra- by cell death by P5±P8 (Derer and Derer, 1990; Del RõÂo
tion of transplanted Purkinje cells (Sotelo et al., 1994), et al., 1995); and (iv) the gene defective in reeler mice
and cultured dissociated astrocytes from postnatal cor- is expressed by CR cells (D'Arcangelo et al., 1995; Hirot-
tex are transformed into a radial glia phenotype by dif- sune et al., 1995; Ogawa et al., 1995). Thus, all available
fusible factors released by embryonic neocortical cells evidence indicates that CR cellsare the neurons respon-
(Hunter and Hatten, 1995a). The present study gives sible for the effects on radial glia and migration reported
further support to the notion that, in vitro and in vivo, here.
mature astrocytes acquire a radial glia phenotype in The present study indicating that CR cells release
response to appropriate factors and that these factors diffusible factors that regulate the radial glia cell identity
are most likely diffusible signals. Finally, the heterotopic and phenotype predicts that in their absence, radial glia
grafting and coculture experiments showing that cere- would be transformed into mature astrocytes. This is
bellar glial cells respond to factors of cortical origin indeed supported by complementary experiments in
suggest that these signals are common to both brain which the ablation of CR cells in the cortex of newborn
regions. mice leads to the opposite effect: loss of radial glia and
The identity of radial glia±inducing factors and their transformation to astrocytes, accompanied by arrest of
mechanisms of action are at present unknown. In our migration (H. SupeÁ r, J. A. D. R., A. MartõÂnez, and E. S.,
grafting experiments in adult mice and when neocortical unpublished data). Furthermore, our experiments with
and postnatal cerebellar explants were cocultured side the Krox20±lacZ14 transgenic line show that CR cell±
by side, only the Bergmann glia expresses radial glia enriched explants induce a dramatic ingrowth of devel-
antigenic markers, although itdoes not adopt thebipolar oping Bergmann glia within the explants (Figure 7B).
morphology of immature radial glia. In contrast, a dra- Thus, in addition to regulating the radial glia cell identity,
matic transformation of Bergmann glia and other cere- CR cells might exert a growth-promoting, morphoge-
bellar astrocytes to bipolar radial glia occurs when netic effect on radial glia. We do not know whether CR
postnatal cerebellar slices are placed underneath cells have a similar inductive effect in the developing
neocortical explants but separated by a semiperme- cortex in vivo, although their strategic location in layer
able membrane. This suggests that the degree of glial I is especially well suited to exerting such a role and to
transformation depends on the accessibility and/or con- inducing the organization of the ordered arrays of radial
centration of the inducing signals as well as on age-
glia terminating in layer I.
dependent properties of astrocytes. Thus, the present
The molecular weight of radial glia±inducing signals
experiments support the contention that the radial glia±
has been estimated to be ≈55 kDa (Hunter and Hatten,
astrocyte pathway is bidirectional and that it is mediated
1995a). Reelin, although a large extracellular matrix pro-by diffusible signals common to different brain areas.
tein (D'Arcangelo et al., 1997), could theoretically be atHowever, the ability of adult astrocytes to undergo such
the origin of this uncharacterized active factor, providedtransformation may be restricted to certain glial lin-
that a posttranslational processing occurs. Neverthe-eages, such as Bergmann glial cells, and to maturational
less, the present data showing that CR cells from reelerstages (Figure 7A).
embryos also induce a radial glia phenotype, together
with the persistence of radial glia in reeler mutant mice
(Pinto-Lord et al., 1982), indicate that Reelin is unlikelyCR Cells Regulate the Phenotype of Radial Glia
to be the unique soluble factor regulating radial glia cellThe present transplantation, coculture, and semiperme-
identity. The radial glia of reeler mice, however, showsable membrane experiments show that radial glia±
morphological abnormalities, and it is transformed intoinducing signals are released specifically from the mar-
mature astrocytes earlier than in normal animals (Derer,ginal zone layer I but not from other cortical layers
1979; Hunter and Hatten, 1995b). This suggests thatcontaining radial glial cells, progenitors, or migrating
Reelin may participate in the regulation of the radialand maturing neurons. Although layer I contains a small
glia±astrocyte pathway, perhaps by facilitating the ac-subset of g-aminobutyric acid (GABA)ergic neurons (Co-
tion of soluble factors as other extracellular matrix pro-bas et al., 1991; Del RõÂo et al., 1992), a role for such
teins do for some growth factors (e.g., Lander, 1993;neurons in the regulation of radial glia cell identity seems
unlikely since these interneurons are generated sparsely Schlessinger et al., 1995).
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Figure 6. Effects of CR Cells on Bergmann Glia and on Migration of Granule Cells in Cerebellar Organotypic Cultures. Arrowheads Label the
Neocortical±Cerebellar Interfaces
(A) Low power photomicrograph of a cerebellar slice (CB) from a Krox20±lacZ14 transgenic mouse cocultured with a CR cell±enriched slice
(CR) and with a ventricular zone±containing slice (VZ) located at opposite sides. The triple coculture (8 DIV) was stained with Xgal to identify
Bergmann glial cells and then immunoreacted for calbindin. Whereas blue Xgal1 Bergmann glia have penetrated and fill the CR cell±enriched
explant (top), very few Bergmann glial cells penetrated and for shorter distances the VZ-enriched slice (bottom).
(B) High magnification of a Krox20±lacZ14 cerebellar slice (CB, left) cocultured with a CR cell±enriched explant (CR, right) demonstrating
massive ingrowth of bgal-expressing Bergmann glia in the neocortical explant (8 DIV). In the area of the neocortical slice closest to the
cerebellum, Xgal1 processes show radial orientation (arrows), whereas in deep areas, Xgal-staining appears more diffuse.
(C) CR cell-enriched slice (CR) cocultured with a Krox20±lacZ14 cerebellum (CB) stained with Xgal and immunolabeled with anti-calretinin
antibodies to identify CR cells (8 DIV). Blue Xgal1 Bergmann glial cell processes are in close apposition with CR cells (arrows).
(D) Low power view of a cerebellar slice (CB) from a b2nZ391 transgenic mouse cocultured with a CR cell±enriched slice (CR) and with a
Cajal-Retzius Cells and Neuronal Migration
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Table 2. Effects of CR Cell Explants on Granule Cell MigrationTable 1. Effects of CR Cell Explants on Radial Glia
in Cerebellar Slices in Cerebellar Slices
Presence of RC21 fibers in contact coculturesa Number of cultures
Number of Cultures (2) (1) (11) (111)
CB(b2nZ391)1CR 0 0 12 28
(2) (1) (11) (111) CB(b2nZ391)1VZ 2 17 3 0
CB1CR 0 1 4 12
CB1VZ 9 0 1 5 Cerebellar slices (CB) from the b2nZ391 mouse line were cocultured
with CR or VZ explants and stained with Xgal: (2), virtual absenceIngrowth of bgal1 Bergmann fibers in contact coculturesb
of Xgal1 granule cells; (1), moderate ingrowth (,200 mm) of low
numbers of Xgal1 granule cells (10±20 cells per 104 mm2); (11),Number of Cultures
deep (200±500 mm) massive ingrowth of Xgal1 granule cells (.100
(2) (1) (11) (111) cells per 104 mm2); (111), very deep (.500 mm) massive ingrowth
CB(Krox-20/lacZ14)1CR 0 0 9 18 of granule cells (.100 cells per 104 mm2).
CB(Krox-20/lacZ14)1VZ 10 7 1 0
Induction of RC21 cells in semipermeable coculturesc
deeper into the CR cell±enriched slice than those trans-
Number of Cultures
versed in vivo in the cerebellum (Miale and Sidman,
(2) (1) (11) (111) 1961). One possible explanation is that migrating neu-
CB1CR-wt 0 3 4 12 rons glide passively onto the Bergmann fibers that have
CB1ZV 13 2 0 0
grown into the cortical explant. In the living animal, how-CB1MB 4 0 0 0
ever, migrating neurons riding along radial glia appearCB1CR-rl/rl 0 0 1 5
to migrate in specific directions. For instance, in theCB1CR-rl/1 0 0 0 6
cerebellum, granule cells migrate from the apical glial
aCerebellar slices (CB) were cocultured with CR cell-enriched slices
end feet toward the cell body region of Bergmann glia,(CR) or with slices containing the ventricular zone and the deep
and in the neocortex, migrating neurons move towardcortical layers (VZ) and immunostained with the RC2 antibody: (2),
the apical end feet in layer I. Furthermore, optical re-absence of RC2 immunoreactivity; (1), low numbers of RC21 fibers
cording in living organotypic slices has shown that mi-(,10 fibers per 4 3 104 mm2); (11) moderate numbers of RC21
fibers (.20 fibers per 4 3 104 mm2); (111) higher numbers. gration is largely unidirectional (Komuro and Rakic,
bCerebellar slices from the Krox20/lacZ14 line were cocultured with 1995; Rivas and Hatten, 1995). Interestingly, directional
CR or VZ explants and stained with Xgal: (2), virtual absence of migration appears to be lost in dissociated cell cultures,
Xgal1 Bergmann glia; (1), moderate ingrowth (,200 mm) of a low in which migrating neurons move backward and forwardnumber of Xgal1 Bergmann glia; (11), deep (200±500 mm) massive
along radial glia (Edmondson and Hatten, 1987; Hatten,ingrowth of Xgal1 Bergmann glia; (111), very deep (.500 mm)
1990; Gasser and Hatten, 1990), and to a lesser extentmassive ingrowth of Xgal1 Bergmann glia.
in the neocortical intermediate zone where neurons mi-cCerebellar slices were cocultured with CR cell-enriched slices from
wild-type (CR-wt), reeler (CR-rl/rl) or heterozygous (CR-rl/1) em- grate tangentially along axon fascicles (O'Rourke et al.,
bryos, or with VZ explants, separated by a semipermeable mem- 1992, 1995). Taken together, these data suggest that
brane. Other cultures were overlaid with a semipermeable mem- migrating neurons can move in both directions along
brane alone (MB). Cultures were immunostained with the RC2
radial glia but that the potential for bidirectional migra-antibody: (2), absence of RC21 cells; (1), low induction of RC21
tion is largely restricted in the living animal and in histo-cells (,10 cells per 4 3 104 mm2); (11), moderate induction of RC21
typically organized slices by tissue-dependent cues.cells (10±30 cells per 4 3 104 mm2); (111), dramatic induction of
An alternative explanation for the present findings isRC21 cells (.30 cells per 4 3 104 mm2).
that CR cells might exert a chemoattractive influence
on migrating granule cells. Some neurotransmitters and
growth factors have been found to exert chemotactic
A Role for CR Cells in Directional Migration influences on immature neurons including neural pro-
Our experiments using the b2nZ391 line show that CR genitors and migrating neurons (Komuro and Rakic,
cells shift the direction of migrating granule cells that 1993; Behar et al., 1994). A chemorepulsive factor de-
normally migrate toward the internal granule cell layer rived from septum is involved in the direction of migrat-
ing neurons from thesubventricular zone to theolfactory(Figure 7B). Moreover, granule cells migrated much
ventricular zone±enriched slice (VZ). The culture was stained with Xgal to visualize cerebellar granule cells and then immunolabeled with an
anti-calbindin antibody (10 DIV). Many blue bgal1 granule cells have migrated deep in the CR cell±enriched slice (top) where they concentrate
in a band (arrows) at 400±500 mm from the cerebellar slice. Few Xgal1 granule cells have migrated into the VZ-containing slice (bottom).
Boxed area is shown at higher magnification in (E).
(E) High magnification of the triple coculture in (D) shows massive penetration of blue Xgal1 granule cells in the CR cell±enriched slice.
(F) High power view of a b2nZ391 cerebellar (CB) slice cocultured with a ventricular zone±enriched slice (VZ) (10 DIV). Note the moderate
migration of Xgal1 cerebellar neurons into the VZ-enriched slice.
(G and H) Pair of bright-field (G) and fluorescence (H) photomicrographs of the same field in a CR cell±enriched slice (CR) cultured with a
b2nZ391 cerebellar slice (CB), showing migration of Xgal1 cerebellar granule cells in the CR cell±enriched explant (G) and survival of many
CR cells identified by calretinin immunofluorescence (H) (8 DIV). Arrows labeling to same reference fields.
(I) Double-exposed photomicrograph (bright field and epifluorescence microscopy) of a CR cell±enriched slice (CR) cultured with a b2nZ391
cerebellar slice (CB) illustrating the close spatial relationships between the distribution of CR cells (arrows) identified with calretinin antibodies




and CR cells are involved in the guidance and reshaping
of cortical afferents (Ghosh et al., 1990; Ghosh and
Shatz, 1992; Allendoerfer and Shatz, 1994; Del RõÂo et
al., 1997), CR cells are also likely to organize the radial
glial scaffold, which guarantees the ªinside-outº order
of migration and corticogenesis.
Experimental Procedures
Microdissection of Donor Tissue
Timed pregnant females of the OF1 strain (Iffa Credo, Lyon, France)
were deeply anesthetized with ether. For the preparation of CR
cell±enriched slices, the cerebral cortices of E15±E16 mouse em-Figure 7. Summary Scheme on the Main Findings of the Present
bryos were excised and placed in phosphate-buffered saline withStudy
glucose (6 mg/ml). Small pieces of neocortex were embedded flat(A) While transplantation of CR cells in the adult cerebellum leads
in melting (408C) 3% agar with the marginal zone layer I side up.to induction of RC2 immunoreactivity (bold) only in Bergmann glia
Agar blocks were cooled with ice and cut with a vibratome at 60±80(top), CR cells induce a RC21 radial glia phenotype in Bergmann
mm, tangential to the pial surface. Only the first vibratome sectionglia and in other astrocytes in the postnatal cerebellum (bottom).
of each block, containing the marginal zone, was harvested andMoreover, postnatal cerebellar glial cells shift to an immature bipolar
kept in ice-cold phosphate-buffered saline glucose. In some cases,morphology typical of immature radial glia.
tangential slices of the marginal zone were obtained from homozy-(B) CR cells in contact with the proliferative external granule cell
gous NSE±lacZ transgenic mouse embryos (Forss-Peters et al.,layer (EGL) of postnatal cerebellar slices (left) lead to a massive
1990). To obtain vibratome slices enriched in cortical progenitorsingrowth of Bergmann glial cell processes and cells into the CR
from the ventricular and subventricular zones, pieces of neocortexcell±enriched explant (right). At the same time, postmitotic granule
were embedded in agar with the ventricular surface side up andcells, which normally migrate toward the internal granule cell layer
further processed in the same way. Most such vibratome slices(IGL), now migrate also in the opposite direction, deep into the CR
were then used for transplantation or slice culturing. Other slicescell±enriched slice.
were fixed in 2% paraformaldehyde, embedded flat in gelatine, cryo-
protected with sucrose, and cut transversally at 12 mm. Sections
were Nissl stained or immunoreacted with calretinin antibodies
bulb (Hu and Rutishauser, 1996), suggesting that neu- (Swant Antibodies, Bellinzona, Switzerland) or the Rat±401 and RC2
ronal migration may be under the influence of both mAbs (Hockfield and McKay, 1985; Edwards et al., 1990). In other
cases, dissected embryonic brains were coronally sectioned withchemoattractive and -repulsive signals, similar to those
a tissue chopper at 300 mm. Small blocks containing all neocorticalregulating the navigation of axonal growth cones (Cola-
layers were isolated with tungsten microdissecting needles undermarino and Tessier-Lavigne, 1995a, 1995b; Messer-
an operating microscope (total cortex prepration). To obtain corticalsmith et al., 1995). In fact, one such signal (netrin-1/ progenitors and postmitotic neurons, with the exception of CR cells
UNC-6), may guide migration in nematodes and in the (total cortex minus CR cells), the marginal zone was removed from
murine brain stem (Serafini et al., 1996; Wadsworth et the 300 mm thick coronal slices using microdissecting needles.
al., 1996). Thus, although additional experiments are
needed to ascertain whether CR cells exert chemoat- Transplantation into Adult Cerebellum and Immunostaining
traction on migrating cells, the dramatic alteration of Embryonic cortical tissue obtained as above was grafted as solid
grafts into young adult hosts (1- to 3-month-old) of the OF1 strain.migration reported here and the close spatial relation-
After choral hydrate anesthesia (300 mg/kg body weight), mice wereships between ectopic granule cells and CR cells (Figure
immobilized in a stereotaxic frame and transplanted as described6I), together with the strategic disposition of CR cells
elsewhere (Sotelo et al., 1994). Embryonic cortical tissue was drawnin layer I, lead us to hypothesize that this is indeed the
into a glass cannula, and the graft was deposited at variable depths
case. within the host cerebellum. After recovery, mice were returned to
their cages and perfused with 0.1 M phosphate-buffered 2% para-
formaldehyde after several survival times (4±20 DAG). After dissec-Functions of CR Cells in Corticogenesis
tion, the cerebella were postfixed in the same fixative for 2±4 hr,The CR cells are generated early, before the onset of
cryoprotected with sucrose, and cut on a freezing microtome at 40migration of the remaining cortical neurons, and largely
mm in the sagittal plane. Parallel sections were incubated overnightdisappear just after the period of migration. Previous
with a rabbit anti-calretinin antibody (dilution 1:2000±1:4000; Swant
studies of the reeler mutation have shown that CR cells Antibodies, Bellinzona, Switzerland) or with the RC2 mAb (dilution
are involved in neuronal migration (Goffinet, 1995; D'Ar- 1:5±1:10). Thereafter, sections were sequentially incubated with ap-
propriate biotinylated secondary antibodies and the avidin±biotincangelo et al., 1995). The present data, together with
peroxidase complex (ABC; Vector, Burlingame, CA). After devel-complementary ablation studies (H. SupeÁ r, J. A. D. R., A.
oping peroxidase activity with 0.03% diaminobenzidine (DAB) andMartõÂnez, and E. S., unpublished data), provide evidence
0.005% hydrogen peroxide, sections were mounted on slides andthat the CR cells may be crucial in the regulation of the
coverslipped.
radial glia phenotype and suggest that they might also Sections from the cerebella grafted with tissue from NSE
have a chemoattractive influence on migrating cells. The transgenic embryos were first incubated with 5-bromo-4-chloro-
3-indolyl-b-D-galactopyranoside (Xgal) as described elsewhereonset of CR cells during development coincides with the
(Sotelo et al., 1994) to reveal bgal activity. Sections were then immu-emergence of radial glia (Misson et al., 1991), suggesting
noreacted with the RC2 antibody as above. Four young adult homo-that CR cells are involved not only in maintaining the
zygous mice of theKrox20±lacZ14 transgenic line(B6D strain; Soteloradial glia but in inducing their differentiation in early
et al., 1994) were grafted with CR cell±enriched slices. At 7 DAG,
corticogenesis. Thus, the first generated cortical neu- mice were perfused, and the cerebella were sectioned as above.
rons fulfill two functions that are essential for the ontog- Sections were immunostained with a rabbit anti-bgal antibody
(1:1000; Cappel, Malvern, PA) and with the RC2 mAb (1:5). Primaryeny of the cerebral cortex: whereas subplate neurons
Cajal-Retzius Cells and Neuronal Migration
575
antibodies were visualized with fluorescein- and Texas Red± This work was supported by INSERM (France) and by grants from
CICYT (SAF94±0137) and DGICYT (PM95±0102) (Spain). E. S. re-conjugated secondary antibodies.
ceived an INSERM fellowship (Poste vert) and a short-term fellow-
ship from the Spanish Ministry of Education.Slice Culture Experiments
Cerebellar slice cultures were prepared from P5±P8 (P0, day of birth)
Received November 5, 1996; revised March 3, 1997.cerebella, essentially as described (Stoppini et al., 1991; Del RõÂo et
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